In the model higher plant Arabidopsis thaliana, a number of circadian clock-associated protein components have recently been identified. Among them, a small family of ARABIDOPSIS PSEUDO-RESPONSE REGULATORS (APRR1/TOC1, APRR3, APRR5, APRR7, and APRR9) is interesting because the most probable clock component TIMING OF CAB EXPRESSION 1 (TOC1) belongs to this family. Several lines of evidence have already been accumulated to support the view that not only APRR1/TOC1 but also other APRR family members are crucial for a better understanding of the molecular link between circadian rhythm and light-signal transduction. Among the APRR1/TOC1 family members, the circadian-controlled APRR9 gene is unique in that its expression is rapidly induced by light at the level of transcription. In this study we dissected the regulatory cis-elements of the light-induced and/or circadian-controlled APRR9 promoter by employing not only a mutant plant carrying a T-DNA insertion in the APRR9 promoter, but also a series of APRR9-promoter::LUC (luciferase) reporters that were introduced into an Arabidopsis cultured cell line (T87 cells). Taking the results of these approaches together, we provide several lines of evidence that the APRR9 promoter contains at least two distinctive and separable regulatory cis-elements: an ''L element'' responsible for the light-induced expression, followed by an ''R element'' necessary for the fundamental rhythmic expression of APRR9. Furthermore, APRR1/ TOC1 was implicated in the L-element-mediated light response of APRR9, directly or indirectly.
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In higher plants, circadian rhythms control a wide range of biological processes. 1) These include movement of organs such as leaves and petals, opening of stomata, elongation of hypocotyls, and the best characterized circadian-regulated event: the photoperiodic control of flowering time. The clock (or oscillator) is central to the mechanism underlying such circadian rhythms. 1) Recent intensive studies on the model higher plant Arabidopsis thaliana have begun to shed light on the molecular nature of the plant circadian clock.
2) Indeed, a number of clock-associated protein components have been identified and characterized, mainly through genetic approaches. Among these, the best candidate for Arabidopsis clock components is TOC1 (TIMING OF CAB EXPRESSION 1). 3, 4) In this connection, we have been characterizing a small family of proteins, designated ARABIDOPSIS PSEUDO-RESPONSE REGULATOR (APRR1, APRR3, APRR5, APRR7, and APRR9), [5] [6] [7] [8] [9] based on the fact that one of the members (APRR1) is identical to TOC1. 10, 11) Several lines of evidence have recently been provided to support the view that not only APRR1/TOC1 but also other family members are crucial for a better understanding of the molecular links between circadian rhythm, control of flowering time, and light-signal transduction. [12] [13] [14] [15] [16] [17] [18] [19] Nevertheless, clarification of the molecular functions of each APRR remains a major challenge, and little is known about the molecular interactions among these five APRR members.
The APRR1/TOC1 family members are nuclearlocalized proteins with a common domain (i.e., a pseudo-receiver) at the N-terminal ends, which is similar to the phospho-accepting receiver of authentic response regulators (ARRs) that are involved in the histidine-toaspartate phosphorelay signal transduction in plants. 5) APRRs also contain another conserved motif (i.e., the CCT motif) at the C-terminal ends, which is commonly found in the CO (CONSTANS) family of plant proteins. 5, 11) Nonetheless, the molecular function of APRRs is elusive. It is known that the APRR genes are all subject to circadian rhythms, in such a manner that each transcript starts accumulating after dawn one y To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: tmizuno@agr.nagoya-u.ac.jp after another in the order APRR9 ! APRR7 ! APRR5 ! APRR3 ! APRR1/TOC1. 6, 7) Among these, APRR9 is particularly characteristic: (i) the transcript of APRR9 rapidly and transiently accumulates in a manner dependent on the photoreceptors (phyA and phyB) when dark-grown etiolated seedlings were exposed to white (or red) light, 14) (ii) the APRR9 protein has the ability to interact physically with APRR1/TOC1, as far as the results of yeast two-hybrid analyses were concerned, 14) (iii) in a loss-of-function mutant (aprr9-10), circadian rhythms of many clock-controlled genes are affected in a manner that the periods and/or phases are considerably lengthened and/or delayed under continuous white light. 14) These results together led us to speculate that APRR9 might play a crucial role in or close to both the clock-mediated and the light-mediated signal transduction pathways. 12, 14) To gain further insight into the function of APRR9, we characterized the structure and function of the APRR9 promoter that should be crucial for light-induced and circadian-controlled transcriptional regulation.
We dissected the regulatory cis-elements upstream of the APRR9 coding region by employing not only a certain mutant plant, but also a series of APRR9-promoter::LUC (luciferase) reporters that were introduced into an Arabidopsis cultured cell line. We found that the APRR9 promoter contains at least two separable regulatory cis-elements: an ''L element'' responsible for light-induced expression, and an ''R element'' necessary for fundamental rhythmic expression.
Materials and Methods
Plant growth conditions and related materials. Arabidopsis thaliana (Columbia ecotype, Col) was used mainly as wild-type plants. Certain mutants and transgenic lines, aprr9-20, pil3-1, and APRR1-ox, were also employed, all of which have been established and characterized previously. 8, 14, 20) Note that the parent ecotype of aprr9-20 is Wassilewskija (Ws), whereas the others are derivatives of Col. In every case, seeds were imbibed and cold treated at 4 C for 3 d in the dark before germination under light, and plants were grown in a chamber with fluorescent light (150-200 mmol m À2 s À1 ) at 22 C in soil and/or gellangum-plates containing MS salts and 1% sucrose, as described previously. [6] [7] [8] Otherwise, the light conditions and other details are given in the text.
Preparing RNA, and Northern blotting. Total RNA was isolated from appropriate organs (mainly leaves) by the aurintricarboxylic acid (ATA) method, as described previously. 6) For Northern blot hybridization, RNA was separated in agarose gels (1%) containing 0.67 M formaldehyde, then transferred to Hybond-N+ membranes. The fixed membranes were hybridized with 32 P-labeled DNA fragments in 6Â standard saline phosphate and EDTA (1 Â SSPE ¼ 0:18 M NaCl, 10 mM phosphate buffer, 1 mM EDTA, pH 7.4), 5 Â Denhardt's solution, and 0.5% SDS containing 10% dextran sulfate and 100 mg/ml salmon sperm DNA, at 65 C for 18 h. The membranes were washed once with 2 Â SSPE and 0.5% SDS at room temperature for 15 min, once with 2 Â SSPE and 0.5% SDS at 65 C for 30 min, and then with 0:2 Â SSPE and 0.5% SDS at 65 C for 15 min. The washed membranes were exposed and analyzed on a phosphoimage analyzer (BAS-2500II) (Fuji-Film, Tokyo, Japan).
Probes for Northern blot hybridization. Appropriate double-stranded 32 P-labeled DNA probes were used to detect each specific mRNA. The probes used were amplified by PCR with appropriate sets of primers, which were designed appropriately, including APRR9 (5 0 -CAAGATTCGATAAAAATGGTGTTG and 5 0 -TC-TCTGGCTTCTACTCCAACG), APRR7 (5 0 -ATGTCA-TCTCATGACTCAATGGGG and 5 0 -AGAGATCTTA-TTTTCATCCGC), APRR5 (5 0 -ACACAGGACTCGGT-GAATACTGTG and 5 0 -TTCTCGTTGAAGAGATT-GCTG), as described previously.
6,7) Each 32 P-labeled probe was prepared with the Megaprime DNA Labeling System (Takara Shuzo, Kyoto, Japan).
Growth conditions of cells. T87 cells were provided from The RIKEN Plant Cell Bank (http://www.rtc. riken.go.jp/pcb/indexPCBj.html) (RIKEN, Tsukuba, Japan). They were usually grown in a liquid medium (named JPL) or a solid medium (named GB5) under continuous white light (50 mmol m À2 s À1 ) at 22 C. Other details, including the contents of the media, were described previously. 21, 22) Briefly, when cells were grown in the liquid medium, they were incubated in 100 ml of JPL medium containing 1.5% sucrose and 1-naphthalenacetic acid (1 mM NAA) in a 500 ml flask with shaking on a rotary shaker (120 rpm). When cells were grown on the solid medium, an aliquot of vigorously growing cells in JPL medium was spread on GB5-agar (0.6%) medium containing 3.0% sucrose and 1 mM NAA. Alternatively and occasionally (e.g., every 10 d), several blocks of well-grown cell-aggregates on the solid medium were directly transferred onto fresh GB5 agarmedium. By this procedure, solid-cultured cells are maintained stably in our laboratory.
Construction of a series of APRR9::LUC fusion genes. A set of 5 0 -upstream DNA sequences encompassing the APRR9 promoter was amplified by polymerase chain reaction (PCR) with the following sets of primers (see Fig. 2 ), including a common primer and specific primers: the downstream common primer (5 0 -AGTC-CATGGACTCAGACCTCAAAAC); specific upstream primers: APRR9::LUC-1 (5 0 -CAACTCGAGTTGGTG-CAGAAAGCATC), APRR9::LUC-2(5 0 -GGCCTCGA-GGCCTTAGATATGTAAAC), APRR9::LUC-3 (5 0 -ATCCTCGAGGATACATAGAGCAGCTG), APRR9:: LUC-4 (5 0 -TGGCTCGAGCCACACAATTACAAT-AG), APRR9::LUC-5 (5 0 -ATTCTCGAGAATCAGCC-GCGATAC), APRR9::LUC-6 (5 0 -GCTCTCGAGAGC-TTATACAACAAAGTC). In any case, the sequences of amplified DNA segments were determined to confirm their integrity. To construct R::35S::LUC (see Fig. 3 ), the region corresponding to the R-element was amplified with a set of primers (5 0 -ATTCTCGAGAATCAG-CCGCGATAC and 5 0 -CTGATATCAGAGCAAATA-AACAATTTGAGAAATC). The template used was the total genomic DNA from plants. These isolated DNA fragments were fused to the modified firefly LUC+gene on pSP-luc+ (Promega, Madison, U.S.A.) at the XhoI and NcoI sites. 21, 22) We created a SacI site at the 3 0 -proxial end of LUC+ on these recombinant plasmids. The resulting APRR9::LUC constructs were cloned onto the XhoI and SacI sites of an Agrobacterium binary vector (named pABH). By an Agrobacteriummediated DNA delivery method T87 cells were transformed, as described previously. 21, 22) We isolated several independent transgenic cell lines carrying each corresponding promoter::LUC transgene.
Bioluminescence assays. T87 transgenic cells were grown on GB5 agar-plates in continuous light (LL), (50 mmol m À2 s À1 ), as described. 21, 22) A few blocks of vigorously growing callus-like cells were put into a glass vial containing fresh GB5 agar-medium. They were usually incubated for 3 d in LL at 22 C. The cells in the vials were sprayed with a fine mist containing luciferin (5 mM) dissolved in water containing 0.01% Triton X-100, and then they were further incubated for 24 h. Intensities of bioluminescence were detected for each vial with a photomultiplier detector-tube (Hamamatsu 931B) (Hamamatsu Photonics, Hamamatsu, Japan). The photomultiplier detector was enclosed in a light-tight box, in which the light conditions were set appropriately for each experiment. A microcomputer controlled the box containing a photomultiplier detector to move along a guide rail to measure bioluminescence sequentially from in-line-placed vials every 30 min. Other details were described previously. 21, 22) Examination of light response. To examine the light response of etiolated seedlings, seeds were sowed on gellangum (0.3%)-plates containing MS salts without sucrose. They were then kept at 4 C for 48 h in the dark. Then, the seeds were exposed to white light for 3 h in order to enhance germination, followed by incubation at 22 C for 6 d in the dark. The resulting etiolated seedlings were exposed to light. As a red light source, light-emitting diodes (LEDs) were used: STICK-mR ( max ¼ 660 nm at 40 mmol/m 2 /s.
Results

Characteristic features of circadian-controlled expression of APRR9
Like other APRR1/TOC1 family genes, the transcription of APRR9 displays a diurnal oscillation in a circadian-controlled manner. 5, 6) Unlike others, however, the expression of APRR9 is rapidly induced also by light when dark-grown etiolated seedlings were exposed to light. 6, 7) To gain further insight into the function of APRR9, it is of interest to examine a linkage between the circadian-controlled and light-controlled expression of APRR9. To do so, plants (Columbia ecotype, Col) were grown under light (12 h) and dark (12 h) (LD cycle) conditions, and then released into continuous light (LL) conditions. RNA samples were prepared from leaves, and they were analyzed by Northern blot hybridization with a probe specific for APRR9 (Fig. 1A, red line) . In LD, a robust rhythm of APRR9 with a sharp peak in the morning was observed. In LL, however, the rhythm was considerably dampened, although a fundamental freerunning rhythm was sustained. In other words, the amplitude of rhythm (or height of peak) of APRR9 was markedly higher in LD than in LL. This characteristic profile of APRR9 was quite different from those of other APRR1/TOC1 family genes (Fig. 1A) . When the same RNA samples were probed for APRR7 and APRR5 (blue for APRR7, green for APRR5 in Fig. 1A ), the rhythmic profiles of APRR7 and APRR5 were typical in that the entrained rhythms in LD were robustly sustained even in LL (at least for a few days). The rhythmic profiles of APRR3 and APRR1/TOC1 also displayed essentially the same features as those of APRR7 and APRR5 (data not shown). It was thus found that APRR9 displays a unique expression profile as compared with those of other APRR members: the amplitude of the APRR9 rhythm is robustly high in LD, but significantly dampened in LL.
We tentatively interpreted this characteristic event of APRR9 as follows. The diurnal transcription of APRR9 is regulated not only by the circadian clock, but also simultaneously by light. Consequently, the robust amplitude of APRR9 in LD might be due to the additive result caused by both the light-inducted and the clockcontrolled diurnal fluctuations. The regulatory mechanism underlying the transcription of APRR9 appears to be more complex than those of other APRR1/TOC1 family genes. Hence we wanted further to characterize the mode of transcriptional regulation of APRR9.
Characterization of APRR9-promoter::LUC fusion genes in Arabidopsis cultured cells
To dissect the APRR9 promoter, we constructed an APRR9-promoter::LUC (firefly luciferase) fusion gene. This construct (designated APRR9::LUC-1) contains a 1560-bp sequence upstream of the inferred initiation codon (ATG) of APRR9 (see the inset in Fig. 1B) , which was directly connected in-frame to the LUC coding sequence (the first A nucleotide was taken as +1). This construct was introduced into an Arabidopsis cell line (named T87 cells), for which we previously found that the cultured cells have the ability to generate fundamental circadian rhythms. 21, 22) The resultant stable transformant carrying the APRR9::LUC-1 gene was analyzed by a real-time bioluminescence monitoring system, as described previously. 21, 22) Briefly, a few blocks of callus-like cells were put into a glass vial containing fresh GB5 agar-medium, followed by incubation for 3 d in LD. Luciferin was added by spraying it into the vials, and then they were placed in a bioluminescence detection system. The bioluminescence of APRR9::LUC-1 was measured for 2.5 d in LD and further for 2.5 d in LL (Fig. 1B, red line) . The observed profile for APRR9::LUC-1 in T87 cells was very similar to that observed for the rhythm of APRR9 in intact plants (compare the red lines in Fig. 1A and B) . In other words, APRR9::LUC-1 in T87 cells also displayed the circadian profile in the characteristic manner, that the amplitude is robustly high in LD while it is significantly dampened in LL. This result suggests that examination of APRR9:: LUC in T87 cells should provided us with valuable information with regard to the structure and function of the APRR9 promoter in plants.
Characterization of a series of APRR9::LUC constructs in T87 cells
We then constructed a series of APRR9::LUC fusion genes, each of which contained a certain length of the APRR9 promoter sequence (i.e., a set of serial 5 0 -end deletions, as shown in Fig. 2A ). The APRR9::LUC-2 construct contains a long upstream region (up to À946), whereas APRR9::LUC-6 contains a short upstream region (up to À277). The 5 0 -end of APRR9::LUC-6 is about 110-bp upstream of the transcription start site (À168) of APRR9 (see the arrow in Fig. 2A ). These constructs were introduced into T87 cells one by one, and bioluminescence was examined with each stable transformant (Fig. 2B) . APRR9::LUC-4 showed essentially the same profile as that observed for APRR9:: LUC-1 (compare the red lines in Figs. 1B and 2B). APRR9::LUC-2 and APRR9::LUC-3 also showed profiles very similar to APRR9::LUC-4 (data not shown). These results suggested that the region encompassing the sequence from À536 to þ1 is sufficient for the characteristic regulation of APRR9. When APRR9:: LUC-5 containing the sequence from À396 to þ1 was examined, a markedly altered profile was observed (Fig. 2B, blue line) . For this construct, the rhythmic expression was observed both in LD and LL, but the amplitudes in LD and LL were more or less the same, in contrast to the case of APRR9::LUC-4. When APRR:: LUC-6 was examined, the fundamental rhythm itself disappeared, exhibiting a basal level of expression (Fig. 2B, green line) . These results were best interpreted by assuming that APRR9::LUC-5 contains a regulatory region that is essential for the fundamental circadianfluctuation by the clock, but lacks a light-responsive regulatory region. APRR9::LUC-6 appears to contain a core promoter, but this lacks both the light responsive and circadian-associated cis-acting regulatory regions. From these results, we assumed that the region responsible for the light-responsiveness can be separated from that essential for the circadian-controlled expression of APRR9. The former was tentatively designated the ''light-responsive (L) element'', and the later the ''rhythm-associated (R) element'', as illustrated as schematically in Fig. 2A .
Characterization of a chimeric promoter::LUC construct
To gain further insight into the above assumption, we constructed a chimeric promoter::LUC gene, in which the region encompassing À396 to À277 (i.e., the R element alone) was connected to the minimum CaMV 35S promoter (À46 to þ1), followed by the LUC coding sequence (Fig. 2C, see the inset illustration) . This construct (designated R::35S::LUC) was introduced into T87 cells to see the expression profile in LD and LL. The results indicated that R::35S::LUC displayed a diurnally oscillated expression profile in LD (Fig. 2C) , but an appropriate reference (i.e., 35S::LUC) did not show such an oscillated profile (data not shown). At a glance, the overall expression profile of the R::35S::LUC was similar to that of APRR9::LUC-5 (compare Figs. 2B and 2C). However, the free-running rhythm of this chimera in LL was less evident, as compared to APRR9::LUC-5. These results imply that the R element (À396 to À277) is essential for generating the rhythmic expression of APRR9 in LD, but might not be sufficient fully to sustain the free-running rhythm in LL.
Verification with intact plants
The above results, obtained by employing T87 cells, shed light on the cis-acting regulatory elements in the APRR9 promoter. Nonetheless, the proposed idea must be further verified in intact plants. In this respect, we previously isolated a T-DNA insertion line of Arabiodpsis thaliana ecotype Wassilewskija (Ws), in which the T-DNA element is located at position À427/À405 in the APRR9 promoter (Fig. 3A) .
14) The established homozygous mutant allele was referred to as aprr9-20. Incidentally, the L element is physically separated from the R element in this particular mutant by the T-DNA insertion (see Fig. 3A ). Hence we employed this mutant line to test the proposed view in intact plants.
First, the light-responsiveness of APRR9 was examined for both wild-type (Ws) and aprr9-20 plants. Darkgrown etiolated seedlings (6-days-old) were exposed to either white or red light, and RNA samples were prepared at appropriate intervals. The results of Northern blot hybridization showed that the transcript of APRR9 is rapidly and markedly induced by white and red light in wild-type plants (Ws) (Figs. 3B and 3C) . In aprr9-20, such a rapid and marked induction was severely impaired. These results support the idea that the T-DNA insertion in aprr9-20 resulted in a disruption of a light-responsive cis-element.
More critically, if the assumption based on the results for T87 cells is correct, the expression profile of APRR9 in the aprr9-20 plants should be similar to that of APRR9::LUC-5 in T87 cells (see Fig. 2B ). In other words, the transcription of APRR9 in aprr9-20 should display only the fundamental circadian rhythm both in LD and LL. This view was tested by Northern blot hybridization by comparing the expression profiles of wild-type (Ws) and aprr9-20 plants in LD and LL (Fig. 4) . Indeed, the amplitude of APRR9 in LD was (A) Each of a 5 0 -upstream sequence with a varied length of the APRR9 promoter was fused to the LUC gene, as illustrated schematically. The upstream end points were indicated as nucleotide numbers (the A nucleotide of the APRR9 initiation codon was taken to be +1). These APRR9::LUC fusion genes were introduced into T87 cells (each was named with a serial number 2 to 6). Several independent transgenic cell lines were established for each construct. (B) For the resultant stable transformants, the intensities of bioluminescence were monitored under the light-cycle conditions, as schematically illustrated (open box, light cycle; filled box, dark cycle; shaded box, subjective night cycle): APRR9::LUC-4, red line; APRR9::LUC-5, blue line; APRR9::LUC-6, green line. The results for APRR9::LUC-2 and APRR9::LUC-3 are not shown because they were essentially the same as that observed for APRR9::LUC-4. For each construct, several independent transgenic cell lines were examined, and similar results were obtained for each. Other experimental details were the same as those given in the legend to 0 -upstream promoter sequence of the APRR9 gene was fused to the LUC gene to yield the APRR9-promoter::LUC-1 construct, as shown schematically (see the inset illustration). This recombinant fusion gene was introduced into T87 cells. With the resultant stable transgenic cells, the intensities of bioluminescence were monitored (red line), under light-cycle conditions that were essentially the same as those adopted for plants (see Fig. 1A ). The intensities of bioluminescence were measured as ''photo-counts Â s À1 Â sample À1 '', as described previously. Note however, that the values were converted to ''relative values'', for which the maximum value of each was taken arbitrarily to be 10, in order to clarify the profile. Such data were collected for several independent samples, and the mean values were plotted with the standard deviations. In these experiments, several independent APRR9::LUC-1 transgenic cell lines were examined, and similar results were obtained for each. Further details are given in ''Materials and Methods''. markedly reduced in aprr9-20 (solid line), as compared with the wild-type plants (broken line). This observation is consistent with the idea that the T-DNA insertion into the L element resulted in a severe perturbation of the light-responsiveness of APRR9 in the morning in LD, although not completely. It should also be noted that the fundamental rhythm of APRR9 was not significantly affected in aprr9-20 in LL.
Taking these consistent results of T87 cells and intact plants together, perhaps the APRR9 promoter contains at least two distinctive and separable regulatory ciselements: the L element, responsible for the lightinduced expression of APRR9, and the R element, necessary for generating the fundamental rhythm, as shown schematically in Fig. 5 .
Factors involved in light-dependent induction of APRR9
We suggested previously that the light-dependent acute response of APRR9 is a phytochrome-mediated event, based on the finding that the light-induced expression of APRR9 in etiolated seedlings is impaired in a phyA phyB double mutant, 14) but there must be a The structure of the APRR9 promoter is schematically illustrated. The first A nucleotide of the inferred ATG initiation of the APRR9 coding sequence was taken to be +1. The transcription start site is located at position À168 (indicated by an arrow pointing to the right), which is preceded by two regulatory cis-elements identified in this study, a light-responsive (L) element (shaded rectangle) and a rhythm-associated (R) element (hatched rectangle), as schematically illustrated. Several light-responsive elements and circadian-associated elements, which have been proposed previously, were found in the APRR9 promoter region, as also indicated: two SORLIP-1 elements (À535 to À530 and À350 to À346), two G-boxes (À511 to À506 and À439 to À434), one GATA (À473 to À467 in the antisense strand, as indicated by an arrow pointing to the left), and one Evening element (À241 to À233 in the antisense strand). Other details are given in the text (see ''Discussion''). (A) A schematic representation of the regulatory region upstream of the APRR9 promoter, in which a certain T-DNA insertion is located. The T-DNA insertion mutant was isolated previously and designated aprr9-20. This insertion occurs in the putative ''L element'' (À536 to À396) at the positions (À426/À402) as schematically indicated. This element is followed by the putative ''R element'' (À396 to À277), where the initiation codon of APRR9 was taken as +1. (B and C) Wild-type (Ws) and aprr9-20 etiolated seedlings (6-day-old) were exposed either to white (150 mmol m À2 s À1 ) or to red light (40 mmol m À2 s À1 ), as indicated. RNA samples were prepared from these light-exposed seedlings at the times indicated. They were analyzed by Northern blot hybridization with a probe specific to APRR9. They were also hybridized with a probe specific to UBQ10 (note that not all the data are presented for clarity of this figure, and that those presented are for aprr9-20 seedlings).
downstream transcription factor(s) that is more directly involved in the light-induced expression of APRR9. An inspection of the nucleotide sequence of the L element might provide us with a hint with regard to this issue (see also ''Discussion'' below). Such an inspection indicated that there are two 5 0 -CTCGAG sequences in the L element (À511 to À506 and À439 and À434) (Fig. 5) . These CTCGAG core sequences perfectly match the so-called G-box, which is often found in many Arabidopsis light-induced promoters.
23) The wellcharacterized G-box-binding transcription factor is PIF3 (PHYTOCHROME-INTERACTING FACTOR 3), 24) which was originally identified as the basic/helix-loophelix (bHLH) factor that specifically associates with red light-activated phyB. 25) Hence it was proposed that PIF3 serves as a light-signal-dependent G-box-binding transcriptional factor. 26, 27) Taken together, it is of interest to see if the light-dependent expression of APRR9 is regulated by PIF3. To do so, we employed the recently characterized loss-of-function mutant of PIF3 (named pif3-1). 20, 27) As shown in Fig. 6A , the acute light response of APRR9 in etiolated seedlings occurred in pif3-1 mutant plants as markedly as in wild-type seedlings (Col). PIF3 might not be implicated in the light-responsiveness of APRR9.
With regard to the rhythmic expression of APRR9, we found previously that it is severely dampened in LL in the transgenic line overexpressing APRR1/TOC1 (named APRR1-ox).
8) It was finally of interest to see whether the light-induced expression of APRR9 in etiolated seedlings is also affected in APRR1-ox. The results indicated that this is the case (Fig. 6B) . The acute light-response of APRR9 is severely impaired in APRR1-ox. This suggests that APRR1/TOC1 is a candidate of the regulatory factor implicated in the light-induced expression of APRR9.
Discussion
The circadian-controlled and light-induced APRR9 gene appears to play a crucial role in or close to the circadian clock and/or light-signal transduction pathways.
9,12-14,17) (i) A mutational lesion of APRR9 affects the period (and/or phase) of free-running rhythms of many circadian-controlled genes, including the clock gene APRR1/TOC1. That is, certain loss-of-function aprr9 mutant plants show the phenotype of long period (or delayed phase) in many circadian-controlled genes.
(ii) They also show altered sensitivity to red light in photomorphogenesis during de-etiolation of seedlings. (iii) A phytochrome (phyA and/or phyB)-mediated signaling pathway(s) activates the transcription of APRR9, leading to the acute light response of APRR9. These and other observations consistently support the view that APRR9 is a crucial clock-associated component. Nonetheless, the precise molecular function of APRR9 is elusive. As an approach to this end, in this study we dissected the light-induced and circadiancontrolled APRR9 promoter at the molecular level, and we provided several lines of evidence showing that the APRR9 promoter contains at least two distinctive cisacting regulatory elements: an L element responsible for light-induced expression, which is followed by an Relement necessary for fundamental rhythmic expression. As schematically summarized in Fig. 5 , these elements are located immediately upstream of the transcription initiation site of APRR9.
It is of interest to inspect the nucleotide sequence of the L element of about 140-bp, in terms of the lightinduced expression of APRR9. In general, several lightresponsive cis-elements have previously been characterized for certain light-inducible Arabidopsis genes. Such plant light-responsive cis-elements are, for instance, GT-1 sites, GATA (or I-box) elements, and Gboxes. 28) More recently, several hundred Arabidopsis genes, which are transcriptionally regulated by phyA and/or phyB, have been identified through genome-wide analyses with oligonucleotide microarrays. 29, 30) Based on the results, several conserved cis-elements were identified in silico in the promoters of such lightresponsive genes. 31) They include GATA elements, tTATCc (note that the elements were found preferentially on the antisense strand); G-boxes, cCACGTGt; SORLIP-1, aGCCAC; SORLIP-2, GGGCC (the capital letters indicate highly conserved bases, and the lower Backgrounds. The set of etiolated seedlings each with a different genetic background, as indicated (viz., Col, pif3-1, and APRR1-ox), were exposed to red light (40 mmol m À2 s À1 ). RNA samples were prepared from these red-light exposed seedlings at the times indicated. They were analyzed by Northern blot hybridization with a probe specific to APRR9. Other details were the same as those given in the legend to Fig. 3 . The hybridized bands were quantified by normalizing against the UBQ10 value (loading reference). These values were plotted as the relative amounts of mRNA, for which the maximum level of the transcript of APRR9, detected for wild-type plants, was taken to be 10. It should be noted that the experiments of (A, Col and pif3-1) and (B, Col and APRR1-ox) were carried out independently, and hence are presented separately. Note also that these experiments were repeated several times and that representative data are shown.
case letters indicate moderately conserved ones). ''SORLIPs'' are newly identified conserved elements that have been designated ''Sequences Over-Represented in Light-Induced Promoters''. 31) As summarized in Fig. 5 , it was found that the sequence of the L element of APRR9 contains one SORLIP-1 sequence, two Gboxes, and one GATA element. Another SORLIP-1 element was also found in the sequence of the R element. These putative cis-elements might serve as target sites for certain transcription factors. Nevertheless, we do not know whether these putative lightresponsive elements found in the promoter region of APRR9 are significant or not. As mentioned earlier, the well-known G-box-binding transcription factor is PIF3, which interacts physically with both phyA and phyB. [24] [25] [26] But we found that PIF3 appears not to be directly involved in the acute light-induced expression of APRR9 (Fig. 6A) . Rather, we found that the lightdependent induction of APRR9 is severely impaired in APRR1-ox plants (Fig. 6B) . We do not know whether APRR1 acts directly as a DNA-binding transcription factor. In any case, identification of transcription factors involved in the light-induced expression of APRR9 must await further examination.
In the APRR9 promoter, we also identified the R element of about 120-bp, which is crucial for generating the diurnal oscillation of APRR9 in LD (that is, under the entrained conditions). Recent advances in microarray technology allowed us to ask how many mRNA oscillate with a circadian period in Arabidopsis thaliana. The results suggested that between 2% and 6% of Arabidopsis mRNA are regulated by the circadian clock. 32, 33) These and other previous studies also found that three cis-acting regulatory elements are frequently found in the Arabidopsis circadian controlled genes: ''evening elements'', AAAATATCT; ''CCA1-binding sites'' (or ''morning elements''), AAAAATCT; ''Hex elements'', TGACGTGG. 34, 35) In the circadian-controlled APRR9 promoter, there found only one evening element in the antisense strand at a position downstream of the R element (À241 to À233) (Fig. 5) . No perfectly matched CCA1-binding site (or morning element) was found in the APRR9 promoter region, despite the fact that APRR9 is a typical morning gene. For the rhythm of APRR9, it is clear that as yet unidentified cis-elements play critical roles. In order to define such circadianassociated regulatory cis-elements of APRR9, therefore, finer dissection of the APRR9 promoter must be carried out.
As discussed above, the results of this study provide us with new insight into the circadian-associated APRR9 gene. Nevertheless, we do not know anything about the biological significance of the light-responsiveness of APRR9. It is tempting to speculate that the diurnal phase setting of APRR9 by light-signal might be critical for APRR9 to exert its clocked-associated function. In any event, clarification of this problem must await further examination.
